is concer,ned with answering the question, how is ureteral function altered in the obstructed ureter? In order to answer this question, and thereby provide a clearer understanding of the pathophysiology of ureteral obstruction, it is necessary first to define and next to measure those parameters of ureteral function that are responsible for transporting urine. The first of these parameters is a circumferentially directed tensile stress within the ureteral wall that has been termed ureteral wall tension. This force per unit area acts to coapt the ureteral wall and constrict the lumen, resulting in the generation of contractions. The second parameter, intraluminal ureteral pressure, is the pressure produced within the ureteral lumen that acts to propel urine distally toward the bladder. The kidney and ureter were exposed retroperitoneally using a flank incision. Extensive care was taken not to disturb the blood supply to the ureter. A strainometer (Fig. 1) was placed around the ureter in order to measure changes in ureteral diameter. The instrument we used is a modification of one used by Peterson (10, 13, 13) to measure wall tension in blood vessels. It consists of an arclike shoe into which the ureter is placed and a delicate lever connected to a transducer, which rests on the anterior surface of the ureter and detects changes in ureteral diameter. The strainometer lever is so carefully balanced that it does not compress the ureter or alter its peristaltic activity. Group III (chronic ureteral obstruction). Each animal underwent total, unilateral ureteral occlusion via a midline suprapubic approach.
The ureters were ligated 3-4 cm proximal to the vesico-ureteral junction. The duration of obstruction ranged from 2 weeks to 4 months. Following a predetermined period of obstruction, each animal was anesthetized and a Foley catheter was inserted into its bladder.
Respirations and aortic blood pressure were monitored.
The obstructed ureter was exposed retroperitoneally through a flank incision. Recordings of intraluminal ureteral pressure and the changes in ureteral diameter were made. Urine cultures as well as tissue specimens of the obstructed ureters were obtained, and ureteral tensions were calculated.
Group IV (chronic ureteral obstruction and infection>. Each animal underwent unilateral ureteral occlusion via a midline suprapubic approach. Following lo-14 days of ureteral obstruction, the obstructed ureter was surgically exposed via a midline incision. Using a no. 27-gauge needle connected to a 2.5-ml syringe, greater than lo6 organisms of E. coli 04 were inoculated into the obstructed ureteral lumen proximal to the point of obstruction.
Leakage of E. coZi from the ureteral lumen was prevented by holding the site of inoculation with a gauze pad for 10 min. The midline incision was then closed.
At intervals of 3 days to 1 week following inoculation with E. co&, both the obstructed and infected ureter and its normal contralateral mate were studied by recording ureteral pressure, aortic blood pressure, respirations, and ureteral diameter, and by calculating ureteral wall tension. At the conclusion of each experiment, bilateral ureteral urine cultures and histologic specimens were obtained.
Calculations
A more detailed discussion of the calculation of ureteral wall tension has been previously reported (14). Presently, a brief resume is offered.
Ureteral wall tension was calculated using the following formula as derived by Peterson and Attinger (1, 12, 13)
where T equals wall tension at 'the mucosal surface, Pi equals intraluminal pressure, b equals outside radius, and a equals luminal radius (Fig. 4) .
In our experiments, intraluminal pressure, Pi, is measured directly from a transducer connected to a catheter that is inserted into the ureteral lumen. The outside ureteral radius, b, is one-half the outside ureteral diameter that is measured by the strainometer. The luminal radius, a, is equal to the outside radius minus the ureteral wall thickness. r
RESULTS

Group I-Normal
Ureteral Peristalsis
The strainometer continually monitored the changes in ureteral diameter that occurred with normal peristalsis. Figure 5 illustrates the downward deflections in the strainometer tracing that were recorded during ureteral contractions. These corresponded to the decreases in outside ureteral diameter that resulted during contractions as the ureteral walls apposed. The small upward deflections that immediately preceded the contractile waves in the strainometer tracing were due to the increases in outside ureteral diameter that resulted from distention of the ureteral wall by urine boluses as they were propelled down the ureter. Associated with each contraction, there was a corresponding ureteral pressure wave. When the ureter was not contracting, the ureteral pressure remained at base-line levels. However, when the ureter contracted, the ureteral pressure rose to peak levels. Figure 5 illustrates the relationship in time between the ureteral pressure wave, the urine bolus, and the ureteral contraction. It can be seen that the onset of the ureteral pressure wave was detected just as the bolus passed down the ureter, while the peak of the ureteral pressure wave was detected as the ureter was contracting.
The strainometer recordings and the ureteral pressure recordings demonstrated that ureteral contractions are smooth, regular waves that occur at a slightly irregular frequency. This frequency ranged between 3 and 10 contractions/min and averaged 6.7 contractions/min.
With each contraction, there was an increase in ureteral wall tension, which returned to base-line levels during periods of ureteral rest (Fig. 5) . The mean increase in ureteral wall tension associated with contractions was 2.09 X 1 O4 dynes/ cm2. This increase above base-line tension isstatisticallysignificant (Tl, 40 = 6.28, P < O.OOOl), using the Student t test.
The mean base-line ureteral wall tension was 1.27 X lo4 dynes/ cm2, the range being 0.44 X lo4 dynes/cm2 to 2.76 X lo4 dynes/cm2. The mean peak ureteral tension was 3.35 X lo4 dynes/cm2, whereas the range of peak ureteral tensions was 1.36 X lo4 dynes/cm2 to 6.29 X lo4 dynes/cm2 (Fig. 6) .
The increase in ureteral pressure associated with contractions, i.e., the amplitude of the pressure wave, occurred when wall tension reached peak levels and averaged 14.8 400 (Figs. 5 and 9 ).
Base-line and peak ureteral wall tensions were increased in chronic ureteral obstruction. Base-line tension ranged from 3.24 X lo4 dynes/cm2 to 22.6 X lo4 dynes/cm2, the mean being 10.1 X lo4 dynes/cm2.
Peak ureteral tension rangedefrom 3.73 X lo4 dynes/cm2 to 27.0 X lo4 dynes/ cm2, the mean being 12.4 X lo4 dynes/cm2 (Fig. 6 ). The changes in ureteral wall tension associated with contractions, i.e., the elevations above the base-line tension, were not statistically significant in chronically obstructed ureters (Tl, 24 = 0.86, P = 0.40), whereas they were in control ureters (Tl, 40 = 6.28, P O.OOOl), as computed by the Student t test.
After chronic ureteral obstruction, base-line ureteral pressure was within the range of control values obtained for unobstructed ureters. It was 7-15 mm Hg. The mean baseline pressure was 10.1 mm Hg for chronically obstructed ureters. Peak ureteral pressures were within the normal range following chronic ureteral obstruction; however, their mean values were less than those of unobstructed ureters. The range was 11-44 mm Hg. The mean peak pressure was 17.9 mm Hg (Fig. 6) . Ureteral pressure waves, i.e., the elevations above baseline intraluminal pressure that are associated with contractions in normal unobstructed ureters, were not always associated with contractions in chronically obstructed ureters (Fig. 9) 
Groufi IV-Chronzc Ureteral Obstruction and Infection
In ureters that were chronically obstructed and infcctcd (urine cultures showed E. coli greater than 10 X 10" organisms/ml), there was an absence of ureteral contractions in each strainometer recording (Fig. 10) . These ureters were unable to increase their wall tensions and their intraluminal pressures above base-line levels (Fig. 6) .
Ureteral wall tension ranged from 1.91 X lo4 dynes/cm2 to 18.1 X lo4 dynes/cm2 with a mean of 6.89 X lo4 dynes/ cm2. Intraluminal ureteral pressure ranged from 8 to 25 mm Hg with a mean of 16 mm Hg.
The contralateral ureters of these animals exhibited normal ureteral peristalsis. Ureteral contractions were readily detectable, and ureteral tension and pressure were within normal limits. Urine cultures of the contralateral ureters revealed no growth. DISCUSSION An understanding of the urodynamics in the normal ureter is an essential prerequisite to any attempt at explaining the pathophysiology of ureteral obstruction. Therefore, it seems appropriate to begin this discussion with an analysis of ureteral function in the unobstructed ureter. It has been demonstrated that the normal ureter functions by forming urine into elongated boluses and establishing increases in intraluminal pressure behind these boluses to aid in their distal transport (2-5, 7-9, 11, 15, 16). It was assumed that the inherent contractile properties of the ureter were responsible for initiating this process; however, definitive experimental evidence to support this assumption was lacking. Our cxpcriments, by measuring the contractile force within
Ihe urcteral wall and its relationship to the generation of contractions, the formation of urcternl urine into bolusc~s, and the establishment of increases in intraluminal pressure, pro\ ide proof for this assumption and add a new dimension to the understanding of urctcrnl llrine transport.
The basis for this understanding rcsidcs in the fact that the contractile force within the urctcral wall, its wall tension, is responsible for maintainin, m the characteristic states of rrlax,rtion and contraction that arc csscntial to the transport of urctc.ral urine. Our data bear this out by showing that when uretcral wall tension is maintained at base-line lc\ cls, the ureter remains in a state of rest. During these periods of ureteral rest, intraluminal radius is maintained at a length that causes intraluminal pressure to be maintained at basrline levels. When wall tension increases to peak lcvrls, this inrreasc in circumferentially directed force causes the urcteral walls to coapt and the lumen to constrict, resulting in the generation of contractions. The luminal constriction associated with these contractions forms ureteral urine into boluses and decreases intraluminal radius, causing a corresponding increase in intraluminal pressure. The sequcncc of these events ran br viewed on one of our standard recordings (Fig. 5) . It ran be seen that urine boluses arc formrd just ahcad of the contracting segments of ureter in which intraluminal pressure is built up to peak levels. This trmporal arrangement of urinr boluses and prcssurc U~V~S results in the distal propulsion of the bolusm dolvn the ureter.
It may therefore be concluded that the normal mcrhanirs of ureteral urine transport are primarily dependrnt on the ability of the ureter to increase its contractile force above base-line levels in order to bring about the generation of contractions, the formation of uretcral urine into boluses, and the establishment of increases in pressure behind these boluses.
By Our data demonstrate that the increases in wall tension that result from increases in intraluminal pressure, secondary to obstruction, differ from the increases in wall tension that are primarily responsible for generating contractions. The former increases are increases in base-line wall tension, whereas the latter are increases above base-line wall tension. By distinguishing between these two types of elevations in ureteral wall tension and by applying this distinction to the study of acute obstruction, it is possible to determine the types of various tensile stages force tha .t the ureter is generating during the of acute obstruction and the relationship of these forces to overall ureteral function. In the first few minutes following acute ureteral occlusion, both types of increases in ureteral wall tension occur, i.e., base line and peak. However, the peak elevations, i.e., the increases above base-line levels, are markedly increased in comparison to base-line elevations. These large increases above base-line levels represent the amount of ureteral force that is being applied to the generation of contractions. Thus, it seems that during the initial minutes of acute ureteral obstruction, the ureter generates forceful contractions by increasing the tensile force within its walls above base-line levels. However, as acute obstruction progresses, the ureter must utilize the greater portion of its tensile force to maintain its wall tone against the increased pressure building within its lumen, leaving little, and eventually no force, for the generation of contractions. As ureteral occlusion is continued for weeks, the pressure that is built up within the ureteral lumen secondary to acute obstruction continues to exert its radially directed force on the ureteral walls, until the walls no longer maintain their tone. At this point, the ureteral walls begin to decompensate and are distended. Decompensation continues, and ureteral luminal radius and length are increased, until the markedly dilated and tortuous ureters that are the hallmark of chronic ureteral obstruction result. Since ureteral luminal radius and length are increased in chronically obstructed ureters, the luminal volume over which urine is distributed is also increased. This increase in volume brings about a decrease in base-line intraluminal pressure from the high levels that were built up after acute ureteral occlusion to the essentially normal levels that exist following chronic occlusion. Simultaneously accounting for this reduction in base-line intraluminal pressure is the reduction in ipsilateral renal blood flow that occurs following chronic ureteral occlusion (17) . The decrease in renal blood flow to the obstructed kidney brings about decreases in glomerular filtration, renal output, and intratubular hydrostatic pressure (6), all of which serve to lower baseline intraluminal pressure. It is to be expected that the decreases in intraluminal pressure that result from chronic obstruction are decreases in base-line pressures; for the conditions no longer exist as they did in acute obstruction, where urine was being formed into ureters whose walls resisted extensive dilatation by maintaining their tone. Once the ureteral walls decompensate, as they do in chronic obstruction, the ureter reaches a new equilibrium whereby it maintains normal base-line intraluminal pressures at the expense of increasing its radius and length. During this new equilibrium, base-line wall tension is elevated, for it follows that if base-line pressure is normal and ureteral radius is increased, base-line tension must increase (equation 1). Indeed, this is the case as confirmed by our data. The function of a ureter whose base-line wall tension is elevated secondary to dilatation but whose base-line intraluminal pressure is normal, i.e., a chronically obstructed ureter, is entirely different from a ureter that has been acutely obstructed for periods of a few hours. With chronic obstruction, the ureter is able to increase its wall tension above base-line levels and is therefore able to generate contractions.
However, the force of these contractions is markedly reduced when compared to contractions in normal, unobstructed ureters. Furthermore, in contrast to normal ureters, not all contractions in chronically obstructed ureters are capable of producing simultaneous increases in intraluminal pressure above base-line levels. When they do produce increases in intraluminal pressure above base-line levels, the magnitude of these increases is greatly reduced when compared to normal ureters. Thus, it seems that chronically obstructed ureters are unable to generate contractions that are forceful enough to
